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CONDITION OF CYLINDER COMPONENTS

By Herbert B. Harris, Robert T. Duffy, and Robert D. Erwin, Jr.

SU/MARY

A contlnuous 50-hour test was conducted to determine the effect
of maximum crulse-power operatlon at ultra-lean fuel-ailr mixture and
increased spark advance on the mechanical condltions of cylinder
components. The test was conducted on a nine-cylinder alr-cooled
radlal engine at the following condltions: brake horsepower, 750;
engine speed, 1900 rpm; brake mean effective pressurs, 172 pounds
psr square lnch; fuel-alr ratio, 0.052; spark advance, 30° B.T.C.;
and maximum rear-spark-plug-bushing temperature, 400° F. In addli-
tion to the data on corrosion and wear, data are presented and
briefly dlscussed on the effect of engine opsration at the conditions
of thls test on economy, knock, preignlition, and mixture distribdbution.

Cylinder, piston, and plston-ring wear was small end all cylinder
components were 1n good condition at the conclusion of the 5U-hour
test except that ell exhaust-valve guides were bellmouthed beyond the
Army's specified limlt and one exhaust-valve face was lightly burned.
It is improbable that the light burning iIn one spot of the valve face
would have progressed further because the burn was filled wilth a hard
deposlt so that the valve face formed sn unbroken seal and the uating
seat showed no evidence of burning. The bellmouthing of the exhaust-
valve guldes is belleved to have been a result of the heavy carbon
and lead-oxide deposlits, which were present on the head end of the
gulded length of the exhaust-valve stem.

Engine operation at the conditions of this test was shown to
result in a fuel saving of 16.8 percent on & cooled-power basls as
compared with operation at the condltions recommended for this engine
by the Army Alr Forces for the same power.
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INTRODUCTION

The trend In alrcraft-engine operatlon has been toward progres-
slvely lower fueli-alr ratlos for increased fuel esconomy at cruise-~
power conditions. Operating instructlions for the nine-cylinder alr-
cooled radial englne uced (reference 1) specify crulse-power fuel-air
ratios as low as 0.062 for minimm specific fuel flow (minimum brake
specific fuel consumption). Rsference 2 shows that conslderable addi-
tlional fuel savings may be effected by crulse-power operation at a fuel-
alr ratio lower than 0.062 and at an lncreased spe~k advance. Refer-
ence 2 also indicates that, on a cooled-power basis (values corrected
for difference in cooling-ailr drag horsevower), the brake specific
fuel consumptlon 1s decreased as the fusl-alr ratio ls lowsred at
Increased spark advance, up to the lean limit for stable englne over-
atlon. Thus, for maximum fuel economy 1t 1s desirable to operate at
the leanest practical fuel-alr ratlo with increased spark advance.
Engine operation at very lean fuel-alir ratlos (much less than 0.087)
introduces two malin problems: englne operating lastabillty princil-
pally as a result of poor mlxture distrlbution, and possible deterl-
oration of cylinder parts due to the excess oxygen in the cliarge
mixture.

Englne operating stabillity, neglecting the effect of lean-mixture
operation at increased spark advance on meckanlcal coniltion and on
the ¥mock-limited power, will establish the lowest mixture ratlo at
which 1t ls advisable to operate alrcraft englnes in flight. When the
engine 1s operated at very lean fuel-eir ratios, unstable engine over-
ation will result when the mixture distribution of the engine causes
one or more of the cylinders to have a fuel-alr ratlio too lean to
support combustion; as a result misfiring occurs.

Although fuel economy may be improved by englne operation at
very lean mixtures and increased spxrk advance, such operation has
been ccnsldered detrimental to cylinder components for two reasons:
(1) possible corrosion of cylinder compcnents resulting from engine
operation with an oxldizing fuel-air mixture (fuel-air mixture leansr
than the stolchliomstric mixture, approximately 0.067, reference 3);
and (2) resulting high temperatures of intermal cylinder components
that reach a meximum at very nearly the stolchlometric mixture and
then decrease rapildly as the mixture is made still leaner. Also, at
increased spark advance, internal cylinder parts operste et a higher
temperature than the external cylinder-hsad tomperature indicates
(reference 4). No attempt is made hereln to separatve the effects of
these varlables on corrosiovn and wear.
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Ag part of the general investigation of reduction of wear on
cylinders, pistons, rings, and valves, regquebted by the Air Technical
Service Command, Army Alr Forces, -a continuous~50=hour test wds ‘don-’
ducted at the NACA Cleveland laboretory during April 1945 at steady
conditions to determine thv effect on cylinder components of englne
operation at high crulse power with ultra-lean fuel-alr mixtures and
advanced spark timing. In addition to the date on corrosion and -
wear, data are presented and briefly discussed on the effect of
engline operation at the conditions of this test on economy, knock,
preignition, and mixture distribution. The knock data were obtalned

from a test conducted during July 1945.

APPARATUS

A nilne-cylindor alr-cooled radial engine of 1823-cublc-inch
diaplacemert was used in this investigation. This engine has a

bore and stroke of 6% and 6% inches, respectively, a normal rating

of 1000 brake horsepower, and the ccmpression ratio 1s 6,70. The
following cylinder componeats were used on the engine:

—_— ——a ——— ——

Part Description
Cylinder Nitrided stewl; 7 new,
2 reconditioned®
Txkaust valve Nichrome coa%ed; newP
Intake valve 6 new, 3 reconditioned®
Pistcn New
Plsten rings New

8Cylinders 2 and 9 reconditioned.
gcrlibed 1in rur'erence S.

CReconditioned intake valves used 1n
cylinders 6, 7, and 8.

The englne was mounted on a multicylinder-engins test stand as
shown 1n figure 1. The power was absorbed by a three-blade flight
propeller and englne. speed was controlled by a hydromatic constant-
epeed governor. Brake mean effective pressure was indicated by a
hydraulic torquemeter, which was integral with the #»ropeller reduc-
tlon gearinz. Ccmbustion alr was suppllied hy an extornal blower with
an aircraft fllter element on 1ts intake. The combustion-air flow was
measured by the method described in reference 6 (uncompensated
metering-suction differential). The carburetor with the inlet elbow
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was calibrated in a standard carburetor air box to determine the
relation between pressure differential and combustion-alr flow. The
fael flow was measured with a calibrated rotameter.

Magnetostriction knock pickups wers installed on all cylinders
of the engine., A flight-type cowllng was mounted on the engine and
additional cooling was provided by an auxiliary fan that drew air
across the engine. Because the temperature of the cooling air varled,
the quantity of cooling air was regulated by shutters on the fan dis-
charge to maintaln desired cylinder-head temperature. The baffle
pressure drop was meesured by a total-head tube on oach cylinder head
and a statlc-pressure tube on the rear of eachL lntercylinder baffle.
The tubes were installed according to the engine manufacturer's
recommendations and cooling-alr flow was determined from the manu-
facturer's calibration of the variation of baffle pressure drop with
cooling-alr flow. The standard exhaust-gas collector ring used had
nine stainless-steel exhaust-gas sempling tubes of 5/16-inch outside
dlameter so welded in that tho open end of each tube was flush with
the cylindsr exhaust-port flange and centrally located.

The oil was supplied to the engine through a full-flow filter
with a cotton-waste element. The oll consumption was measured by
observing the decrease in the welght of the oll in a welghing tank.
The oll-flow rate was measured by diverting the returning oll into
8 flow tank instead of the welghing tank and observiag the rate at
which the oll was pumped to the engine from the welghing tank. The
use of special oll-scavenge tubes made it possible to measure sepa-
rately the maln-case oll flow. Blow-by past the piston rings was
measured by a posltive-displacement gas meter.

PRCCEDURE

All cylinder components were welghed and measured; the engine
was then assembled and given a 4-hour run-in as descrlbed in refer-
ence 7. The cylinders were slushed with Navy 1120 lubricating oll
when the engine wes shut down for a weok end. The engine was started
ageln end e mixture-control curve was run to determine the fusl-air
ratlo for minimum specific fuel consumptlion for 750 brake horsepower
at an epngine speed of 1900 rrm and a spark advunce of 30° B.T.C.

The 50-hour test was then sterted at thls fuel-alr ratlo and con-
cluded without a shutdown during the test. The test was run under
the following conditlons:

Brako HOYBOPOWEY « + « o « s o « o ¢« s s s o s 2 o a o » o =« « 150
Enzgine speed, rom .+ « ¢ « ¢ ¢ . . e o s @« s a s s s« s e s 1900
Brake mean effective pressure, pounds per square inch ., . . . 172
Fuel-alr xatlo v . « . ¢ ¢ ¢ « o 2 o s« ¢« o 5 « « » « 0.052 40,002
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Spark advance (both plugs), deg@ B.T.C. . « » = s s « = s s o « 30
Maximm rear-spark-plug-bushing temperature, °F . . . . . . . 400
Carburetor-air temperature, °F . ... + &+ ¢ « ¢ ¢ o'¢ s = » » 100
0il-in temperature, °F . . . . . ‘e s o s o o = s s s o 165
Engine oll pressure, pounds per square 1nch N & 0]
Main section oil-flow rate, pounds per minute . . . . « « . . . 30

Lubricating Oil [] a7 s @ [ « 2 o [] . @ - NBW 1120 (AN"W"O‘446A)
Fuel (See Fuel and oil a.n.a.lysis ) e « « « + « AN-F-28, Amendment-2

At the completlon of the 50-hour test, the englne was shut down
end the cylinders were alushed wlth Navy 1120 lubricating.oil. The
englne was then removed from the test stand and dlsasssmbled.

RESULTS AND DISCUSSION
Test Condltions

Cholce of test condlitions. - The test conditions were chosen to
epproximate probable operating g conditions for meximum practical
economy obtainable at maximum cruise power (75 percent) withL ultra-
lean fuel-air mixtures and increased spark advance, In order to
select definitely the optimum values for the operating varlables, a
complete investlgation of the effect of all operating variables on
ecocomy, knock, and the other factors involved would be required.

The data of reference 2 and unpublishied data obtained at the Cleveland
laboratory were used to select the sperk advance of 30° B,T.C. and

the brake mean effective pressure of 172 pounds per sauare inch, which
were belleved to be very near the optlmum practical velues for

750 brake horsepcwer. Although fuel economy shouid have been further
improved by increasing the spark advance to more than 30° B.T.C. and
ralsing the brake mean effective pressure to more than 172 pounds per
square inch, the increasad severity of operation and decrease 1ln the
knock limit might have made 1t impractical. A complete discusslon of
the effect of the operating varlables on econouy, severlty of opera-
tion, and knock 1s beyond the scope of this report but they will be
compared with the results obtained with operation as recommended by
the Army Alr Forces (reference 1).

Mixture-control curve. - The optimum fuel-air ratlo for the
-power, the speed, and the spark advance chosen was determined by the
constant-power mixture-contrcl curve (fig. 2), which was run as the
first part of this test. This curve shows decreasing breke specific
fuel consmption up to the lean 1limlt for stable engine operation,
fuol-air ratio of 0.052, for these conditions. The brake specific
fusl consumption for this engine operating at 750 brake horsepower
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at the conditions reccmmonded In reference 1 was determined and is
plotted on figure 2 for comperison. The difference between the
specific fuel consumption (at the conditions of reference 1) and that
for the conditions of this test indicates a fuel saving of 14.6 per-
coent for the same power output.neglecting the difference in cooling-
elr drog horgepowe: botween the two conditions. The saving taking
Into account the difference in cooling-air drug horsepower (cooled-
power basis) was calculated according to the mothod of reference 2
and found to be 16.8 percent.

The external supercharger power required by the test-stand dlower
to furnish ram air to the carburetor was not accounted for in the
calculation of the brske speciiic fusl cornsumption at the conditicns
of this test. The blowsr horsepower rcquiied, however, was calcu-
lated and found to be very small. When it is assumed that the extermal
supercharging 1s supplied by a turbosupercharger, the eifect of the
required increase of exhaust bock pressure (less than 2 in. Eg) on the
engine will be neglizible. Knock was not encountered at any time during
the running of the mixture~control curve.

factor 1n determining the lean limit for stable operation of the
engine. When the fuel-alr ratlo of the cylinder having the leenest
mixture 1s so low that the charge will not ignite, this cylinder will
misfire and engine operation becomes unstable. The mixture disgtri-
bution In the engine operating at the cornditions of this teet is shown
in figure 5. The maximum veriation of fuel-alr retlo from the average
vas 8.8 percent. Figure 3 also shows the close agroement betwscn the
everage fuel-alr ratlo ae determined by Orsat analysis of the oxidized
exhaust gas and by fuel-cir inteke measurements. Because diluted exhaugt-
ges somples from cyl'ndor 1 exlsted during the entire test as the
result of a leaky flange on the exhaust-gas collector ring, the values
of fuel-air ratlo for cylinder 1 were corrected using unpublished duta
frcem a test run under similar conditions on the same engins.

Test Rosults

Graphic log of test. - A graphic log of the test, wailch was run
continuousl; to avold the corrosion caused by shutdown and the oxces-
slve wear of starting. i1s shown In figure 4. During the entire test,
the fuel-alr ratio as determingd by measured intake was closely
checked by Orset enalysis of the oxidized exheust gaz. Because of a
defectlve monworeter lino, the valuves of combustion-alr flow and con-
sequently Tuel-alr ruatlo by moasured intake were faulty for the
veriod of 4 to 20 hours of the iest. Orsat analysis, howover, showed
that tho maximum variation in fuel-alr ratio for this period was
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within the limits of variation for the entire test. Therefore this
portion of the fuel-alr-ratio curve is indicated as a straight dashed
line on the graphlc log. Specific olil consumption shdyed no tendency
to rise during the test and was well bYelow the menufacturer's maxi-
mum-allowable specific oil consumption of 0,020 pound per brake
horsepower hour for 1900 rpm cruilse operation (reference 8). Blow-
by also showed no tendency to rise during the test. " No indication
of knock was ever present.

Cylinders. - Inspection of the cylinder caomponents after engine
digassembly indicated that they were in good condition. The cylinder
barrels were in good condition. - All the barrels were lightly lac-
quered and had a few light scuff marks on the major-thrust wall. The
ma jor-thrust wall of a typlical cylinder barrel is shown in figure S.
The cylinder-bore wear in both the thrust and nonthrust directions
resulting from the test 1s shown in table I. Cylinder weer, which
was heaviest 1n the choke, was very light on the thrust and nonthrust
diameters. The valve seats were in good condition. The cylinder
domes had a light carbon coating with e few localized heevy-lead
devosits (fig. 6). In the cylinder photographed, the localized-lead
deposlts were near the Junction of the head and barrel between the
front spark-plug bushing and the intake-valve seat insert. The
localized-lead deposits in the rest of the cylinders were heavier
and occurred near the Junction of the head and barrel but in differ-
ant places around the cylinder.

Pistons_and plston rings. - The pistons were in very good condi-
tion at the end of the test. The piston crowns were covered with a
light carbon deposit and emall localized-lead deposits similar to
those on the dome of the cylinders. The major-thrust and minor-thrust
faces of a typlcal plston with rings after cleaning at the end of the
test are shown in figure 7. These photographs show the light face
contact at the top and. bottom of the thrust faces and the light scuff
merks on the plston thrust face. Pilston wear resulting from the test
was too small to. measure. No pounding out of the ring lands existed
as shown by the values of piston-ring slde clearsnce in table II.

The condltion of the piston rings after the test was very good.
No ring scuffing, scoring, cr sticking was evident, The piston-ring
wear ‘iata are presented in teble II. The ring wear as indicated by
welght loss was small and nonuniform in the dilfferent cylinders.

Valves. - All the velve heads were covered with a heavy deposit
when they were removed from the engine. The typical heevy deposits
on the heads of both the intake and exhaust valves gre shewn in fig-
ure 8. The deposits on the intake valves ware greenlsh-yellow with a
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glazed surface and completely covered the concave portion of the wvalve
head. The coating on the exhaust valves varied from the smooth
greenish-yellow deposits shown on the valve 1n figure 8 to the dark
red globular deposits shown on the valve hsad 1n figure 9. The
welght of the deposits on the valves 1s given in table III. The
average wolght of deposlt was 4.15 and 7.26 grams for the exhaust

and intake valves, respectlvely.

A gspectrographic analysis made of the deposits on the 1ntake
and exhaust valves lndicated that lead was the chlef constituent.
(See table IV.) A chemical analysis was then made according to the
method of reference 9 to determine 1n what compounds the lead
appeared. The compositlon of the lead deposit on the valves 1s
shown 1n the followlng table:

Percentage composition of deposit on
Exhaust valve Intake valve

PbBry 1.2 1l.4
Lead oxldes calculated as P'bzo3 28.7 20.2
Pb (metal) 59.3 58.5
Carbonaceous matter 10.8 19.9

The under side of the exhaust-valve heads had a light even coating

of yellow lead oxide. A factor contributing in part to the heavy
lead deposlits may have been the small excess of tetraethyl lead
Indicated by the fuel analysis, which 1s discussed in a later sectlon.

The stems and seatlng faces of a typlcdl Intake and exhaust
valve after removal from the engine are shown In flgure 10. An
examination of the valves after cleanling showed that all of the
exhaust-valve faces were In good conditlon with the exception of
the valve from cylinder 9, which was llghtly burned 1in one spot.
The burn was very shallow and before cleanlng was fllled with a
hard deposit so that the wvalve face formed an unbroken seal and the
mating seat showed no evidence of burning. It 1s therefore improb-
able that the light valve-face burning would progress further. The
lightly burned portion of the exhaust-valve face of cylinder 9 after
the deposits had been removed 1s shown in filgure 11.

Hoavy carbon and lead-oxlde deposits and light bronze pickup
from the exhaust-valve guide were present for one-half inch at the
head end of the exhaust-valve stem guided length. All the exhaust-
valve guldes were worn to a bellmouth beyond the Army limits stated
in reference 10. Three of the valve guldes were worm beyond the
manufacturer's bellmouth 1imit (reference 11), which 1s less severe
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than the Army's limit. The béllmouthing of the exhaust-valve guldes
18 helleved to have been a result of heavy carbon and lead-oxide
deposlts on the head end of the valve stem. All the intake-valve
.faces were In excellent conditlon. Light soft carbon deposits were
present on the under side of the intake-valve heads (fig. 10). The
intake-valve stems were in excellent conditiorn and the intake-valve
guides were not excessively worn. No indication of valve sticking
as a result of the heavy stem deposits was evident at any time
during the test.

All of the valves, except two sets, were cleaned by the elec-~
trolytic method of reference 12. The deposlitis were not removed from
these two sets of valves pending further investigatlon of the
deposita. Of the valves cleaned, the crowns of two were in excel-
lent condition, four had numereous "pin-polnt" pit marks, and one was
severely pltted as shown in figure 12. Some of the intake valves
had a few very esmall scattered pin-point plts. (See table III.)

Spark plugs. - In thls Investigation the spark plugs, which
Incorporate an Integral reclstor to help 1etard the rate of electrode
wear, are recommended by the Army for use in the test engine (ref-
erence 13). As shown in table V, the average increase in spark-
plug gap resulting frcm this test was 0.002 inch. The values of the
integral reslstor before and after the test are also shown in table V.

Fuel and oll analysis. - As mentloned 1n the valve discussion,
the lead deposits on the valves were unmsually heavy. For this
reason an analysis wes made of a fuel sample taken from the test-
stand fuel system to determine 1f it met the AN-F-28, Amendment-2,
specifications. Analysis of this sample showed the tetrasthyl-lead
and ethylene-ditromide (lead-scavenging agent) content to be
4,95 milliliters per gallon and 3.89 grams per gallon, respectively.
The fuel speclification AN-F-28, Amendment-2, limits the maximum
tetraethyl-lead content to £.6 millliliters per gallon and the
ethylene-dibromlde content should be the theoretlcal amount to com-
bine chemically with all the lead presert (4.03 grams/gal). The
tetraethyl-lead content was therofore 0.35 milllliter per gallon
(7.6 percent) too high end the ethylene~dibromide content was
0.14 gram per gallon (3.6 percent) too low.

Analysig'of a pample taken from the oll system after the test
vag completed gave the following resulte:
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Viscosity, centlstoxe |Conradson|Raptha Neutralization -
- o o = |carbon insoluble| number
100~ F 210° ¥ (percent)| (percent)

328.6 | 24.30 1.11 R 0,07
[ i
Makeup oll was added after JQl hours.

Knock. - Engine operation at knocking conditions is harmful
because knock can elther cause engine failure itself or can lead to
preignition, which might result in engine fallure. The engine must
thererfore be operated under conditions at which there 1s no proba-
biilty of encountering knock. As part of a knock test on the same
englne used in thils test, ‘data were obtalned for the two knock curves
of Tigure 13. Curve A was run with the englne opsrating at the speed
and spark-advance conditions recommended by the Army (reference 1) for
750 brake horsepower; curve B was run at the speed and sperk-advance
cornditions of this test for the same power. Because the combustlion-
alr flow that would have been requlred was mcre than the test-stand
system could supply, inciplent knock could not be obtalned for bath
sets of conditions at fuel-alr ratios either lower or higher than those
plotted. The limlting maximum rear-spark-plug-bushing tempsrature for
both curves had to be raised from 400° to 500° F during the running of
these curves because of insufficlent capacity of the test-stand cooling
fan.

For this engine, the maximum brake mean effectlve pressure as
limited by inciplent knock was approximately 15 percent lower for
the conditions of- this test (fuel-alr ratio, 0.052; spark advance,
30° B.T.C.; and englne speed, 1900 rpm) than for those recommended
by the Army (fuel-aeir ratio, 0.076; spark advance, 20° B.T.C.; and
engine speed, 2000 rpm). (See fig. 13.)

As ghown In figure 13, the knock-limited brake mean effective
pressure at a fuel-ailr ratio of'0.052, spark advance of 30° B,T,C.,
and englne speed of 1900 rpm, and et a maximum rear-spark-plug-
bushling temperature of 500° F was 192 pounds per square Ilnch. There-
fore, operation of this engine at 750 brake horsepower at the con-
ditions of thls test should allow a margin of safety on the brake
moan effectlve pressure for inclpient knock of approximately 12 per-
cent 1f the higher cylinder temperature allowed during the running
of the knock curves were neglected. Although no attempt will be
made to correct the margin of safety for the 100° F difference in
maximm cylinder-head temperature, it should be pointed out that an
Increase in cylinder-head temperature will decrease the knock-limited
brake meen effective pressure a considerable amount at low fuel-air
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ratios - (reference 14), Therefore, the actual margin of safety for
incipient knock for a maximum rear-spark-plug-bushing temperature of
400° F should be cohslderably higher than the 12 percent indicated
on figure 13.

Proignition. - Although preignition may be the result of engine
knock, 1t may lead to engine fallure without any indicatlon of kmock
(reference 15). Figure 14 has been included to indicate the effect
on the preignition-limlited power output of engine operation at the
conditions of this test as compared with operation at the conditlons
recommended by the Army for the same power, The data for this

-preignition-1limit cuvve were obtalned from a single-cylinder

CFR teost engine at an englne speed of 1800 rpm, at a spark advance
of 20° B.T.C., and at a comprcselon ratio of 7.0 (reference 15).
Because the engine and operating conditione for this curve are
different from thoee of the test reported herein, a comparison of
absolute values is not posslble. The relative values, however,
should be indicative of the effort of fuel-alr ratio on the preig-
nitlon limit of the engine used 1n this test.

The proigrition-limited power for a fuel-alr ratio of 0.052
1s 21 porcent higher than that for a fuel-alr ratlo of 0.078 for
the same spark advance and engine speed (fig. 14). A correction of
the prelgnition-limited power at & fuel-alr ratio of 0.052 for the
increase in spark advance from 20° to 30° B.T.C. made according to
the data of reference 16 showed that it should be decreased approx-
imately 20 percent. The effect of the 100 rpm difference in speed
between the two conditions should te of comparatively small magni-
tude as lndicated by the data of this reference. The net effect
on the prelgnition-limited power output of englne operation at the
conditions of this test as compared with operation at the conditions
recommended by the Army for the same power should therefore be
negligible.

The test reported herein is not conclusive in itself fut it 1s
a part of the evidence being accumulated to determine the feaslibllity
of ultra-lean-mixture operation.

SUMMARY OF RESULTS
The continuous SO-hour test conducted on & nine-cylinder air-
cooled redial engine with a normal rating of 1000 brake horsepower
at 750 brake horsepower, an engine speed of 1900 rpm, & brake mean
effective pressure of 172 pounds per square inch, a fuel-air ratio

of 0.052, a spark advance of 30° B.T.C., and a maximum rear-spark-
plug-bushing temperature of 400° ¥ to determine the effect on



12 NACA MR No. ES5I27a

cylinder components of maximm cruise-power onglne operation at
ultra-lean mixture and increased spark advance gave the following
results:

l. Cylinder, plston, ard piston-ring wear was small and all
cylinder components were in good condition at the cunciusion of the
50-hour test except that all exhaust-valve guides were bellmouthed
beyond the Army's specified limit and one exhaust-valve face was
lightly burned. It is improbable that the light burning in one spot
at the wvalve face would have progressed further because the burn was
filled with a hard deyosit mo that the valve face formed an unbroken
seal and the mating seat showed no evidence of burnling. The bell-
mouthing of the exhaust-valve guldes 1s belleved to have been a
result of the heavy carbon and lead-oxide depousits, which wexre
present on the head emd of the exhaust-valve stuw zulded length.

2. Engine operation at the conditions of thils test was shown
to result in a fuel saving cf 16.8 percent on a ccoled-power basis
ag compar»d with operation at the same power and at Llhe condltions
recomrended for the englne by the Army.

3. Although engine opvratlon at the conditlons of this test
was found to reduce the knock-llmited brake mean effective pressure
approximetely 15 psrcent compered wlth operation at the Army's
rocommended conditions, the margin of safety on the brake mean
effective pressure for Incipient knock was found to be conslderably
more than 12 percent.

4. The preignition-limited power should be the same for engine
operation at the condlitions of this test as for operation for the
same power at the conditions recommended by the Army.

Alrcraft Engine Rasearch Laboratory,
National Advisory Comhlittee for Aeronautlcs,
Cleveland, Ohlo, September 27, 1345,
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. TABLE I
' CYLINDER-BORE WEAR RESULTING FROM 50-HOUR TEST OF NINE-CYLINDER
ATR-COOLED RADIAL ENGINE
1
3%{ /Brake horsepower, 750; engine speed, 1900 rpm; brake mean effective
5 pressure, 172 1b/sq in.; fuel-air ratio, 0.052; spark advance,
= 300 B.T.C./
B
A
si- Lengt“)Cylinder Cylinder|Cylinder |Cylinder |Cylinder [Cylinder [Cylinder |Cylinder [Cylinder
on® (in.) 1 2 3 L 5 [ Z 8 9
Thrust-diemeter wear (in.)
a 112 0.0003 0.0004 0.000L 0.0007 0.0000 0.,0000 0.0000 -0.0014 [0.0006
b 1 .0007 .0002 .0005 .0008 0000 -.0006 .0005 -,0013 .0022
c 9 .0001 .0004 ,0010 « 0005 .0001 .000k .0001 . «0001 .000L
a 7& .0001 .0000 .0007 .0002 .0002 - . 0002 «0002 .0003 .0002
L +0001 .0001 .0009 .0005 .0006 .0007 .oooh .0002 | .0004
14 23 .0007 .oooL .0011 .0009 +0009 0007 +0010 0000 0009
Average---0.0003 .0003 .0008 .0006 40003 .0008 .0004 ~.0004 | .0008
. onthrust-diameter wear (in,)
a 1l j0.0007 0.0006 0.0016 [0.000% 0.0005 0.0007 |0.0005 0.0000 }0.0001
b 10§ .0008 ~-.0001 0017 +0009 +0005 .0002 .0010 | .0001 .0011
c 9& .0006 0000 0002 .0001 0000 .0008 0005 .0003% .0002
a 7§ +0003 .0001 0002 .0004 0000 -.0015 0002 <0002 <000k
] L -.0001 -.0001 .0001 -.0006 -.0003 -.0001 -.0002 .0002 «0000
P 2% -.0002 (-.0002 | .0000 |-.0009 |-.,0005 |-.0004 |-.0003 .0006 |-.0001
Avcrase---ogoggh 0.0001 0.0006 0.0006 0.0000 [-0.0001 0.0003 0,0002 {0.0003

‘Description of ring positions: a, top of barrel; b, top of ring travel; ¢, start of choke;
d, middle of barrel; e, bottom of top ring travel; f, flange.
®Distance from open end of barrel.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABIE II
PISTON-RING WEAR DATA FOR 50-HOUR TEST OF NINE-CYLINDER AIR-COOLED RADIAL ENGINE

ake horsepower, 7503 enguna speed, 1900 rpm; brake mean effective
pressure, 172 1b/sq in.; el~-alr ratio, 0.052; spark advance,

30° B.T.C.; maximum rear-spark-plug-bushing temperature, 400° F;
wain-case air-flow pressure, 30 1lb/min; oll inlet temperature,

165° P; o1l, Navy 1120/

Cylinder |Ring { Ring welght,gran Face width,in,|Diametral tension,Id Free gap,in L"ﬂdecharanu siny

Before Loss Before [Increase | Before |Decrease | Bafore]Decrease| Before | After

1 1 42,6505 | 0.,0486| 0.023 | 0.012 38.49 0.35 |0.85 10.04 0.005 | 0.004
2 43.8498 .0071 .008 .010 8.04 .27 .96 .09 0085 005

3 42.1841 .0083 .024 .000 8.62 .15 11.06 .08 006 .005

4 41.4397 0042 .024 «.008 7.67 .23 1.17 .14 011 011

5 41.5790 .0029 L0185 ~.004 7.89 -.08 |0.97 .06 .011 011

6 41.7019 .0027 .011 004 7.89 .10 11.01 .08 006 .006

2 1 45,0998 | 0.0240[ 0.029 | 0.007 7.97 0.20 [0.80 [0.Q6 0.005 | 0.0086
2 43.0695 .0096 006 .008 7.74 <20 {1.01 .11 005 008

3 42,1914 0056 .002 .016 8.07 .10 1.08 .10 006 .008

4 40.8954 .0034 013 004 7457 .08 |1.08 .11 011 011

5 40.9275 .0053 .013 .002 9.17 1.08 }1l.10 .07 011 011

6 40.6795 .0038 .020 -.003 7.32 .00 1.06 .05 .006 .008

3 1 43.0319 | 0.2314| 0.026 | 0.01} 8.54 0.25 |0.83 [0.04 0.005 { 0.006
2 43.6837 0092 .009 .009 7.47 -.25 [1.01 .11 005 .004

3 43.7407 .0047 .009 .005 7.74 -.10 1.03 .10 .0056 .004

4 41.3102 .0045 .008 .001 777 .08 ]0.96 <09 010 .011

5 41.4861 .0023 .009 | -.001 734 -.33 |1.03 .06 .010 011

6 41.4368 .0043 .006 .002 7.89 .15 |1.03 06 006 006

4 1 43.077110.03731 0.026 | 0.018 8.59 0.37 ]0.83 }0.05 0.005 | 0.005
2 43,4896 L0162 .007 .015 7.47 «33 (1.1 .17 006 004

3 43,5532 0111 .009 013 7.84 <10 {1.04 .11 004 =004

4 40.4184 .0085 .015 .006 6.87 -.92 1.20 .10 011 011

5 41.8619 .0060 011 004 7479 -.13 .98 .08 011 011

6 41.6948 .0072 .014 <007 6.99 .15 1.00 .08 006 006

5 1 43.0253 { 0.0144| 0.019 | 0.007 8.12 0.05 |0.83 ]0.05 0.005 | 0.005
2 43.2129 0039 022 -.011 7.44 .15 11.10 .12 -Q05 004

3 43.5653 L0033 009 001 7.89 05 |1.05 .09 005 005

4 41.0455 .J025 001 009 6.59 =05 |1.00 .12 011 011

] 41.5528 .0012 .031 -.019 6.34 -.20 1,06 «15 011 <011

6 41.9775 .0023 016 ~-.004 9.19 -.07 1,03 .06 .006 006

[ 1 42.6568 | 0,0828 | 0.021 | 0,016 7.92 J.28 |0.82 10.05 0.004 | 0,004
2 13.5043 .0089 011 007 7.27 23 11,03 .12 004 003

3 42.3506 | .0097 011 004 7.19 .00 1.05 13 .006 005

4 41.9613 0053 .022 -.009 7.89 .16 }1.07 .13 011 +011

5 41.4106 .0024 Q10 .003 7422 =20 +95 .08 .01l 011

6 41.6560 .Q030 009 005 7.62 -.30 1.10 .16 006 006

7 1 43.0727 | 0.0751] 0.016 | 0.010 8,99 0,10 [0.82 [0.04 0.004 | 0.006
2 43.4664 .0113 .005 .013 7.97 .13 11.01 «10 004 004

3 43.8296 +0099 007 .010 8.12 .03 1.03 +11 Q04 .004

4 41.9472 .0043 .008 .003 8.64 .02 1.06 .12 .011 011

5 41,7265 .0048 .009 .001 6.82 =-.07 1.01 .12 .011 011

6 40.9435 0054 016 -.002 8.54 .10 1.07 05 006 006

8 1 42.5870 | 0.0370 ] 0.014 [0.015 5.04 0.20 0.82 }o.06 0.006 | 0.008
2 43.3412 .0090 011 .009 724 35 [1.08 16 005 004

3 43.5087 0076 .007 .009 7.04 .02 |1l.08 .16 005 .004

4 40.3767 .0098 .014 000 7.94 .02 1.10 .10 011 011

5 40.8680 .0047 .020 -.002 8,37 .03 |1.09 .08 .011 .011

6 40.8127 .0027 .0l4 .002 8.69 .05 |1.07 .04 .006 +008

9 1 42.6241 [ 0.0252 | 0.024 |0.001 7.52 0.08 [0.81 |[0.06 0.005 | 0.004
2 43,4803 .0083 .010 .005 7.29 .02 1.03 .13 .005 .004

3 43,4954 .0053 .009 .008 7.14 -.13 |1.01 .10 .005 .04

4 41.7854 0056 .009 .Q00 7.79 .22 l.12 .15 011 .011

5 42.1212 0030 .oe2 -.006 7.82 .08 1.01 .08 .011 2011

-] 41.6680 0045 .006 001 7.87 .13 11.00 .06 .006 .06

NAT IONAL ADVISORY
COMMITTEE FOR AERONAUTICS
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TABLE III

VALVE-WEIGHT LOSS AND VALVE-DEPOSTT WEIGHT FOR 50-HOUR TEST OF NINE-CYLINDER
ATR-COOLED RADIAL ENGINE

/Brake horsepower, 750; engine speed, 1900 rpm; brake mean effective pressure, 172
= 1b/sq in.; fuel-air ratio, 0.052; spark advance, 30° B.T.C.; maximum rear-
spark-plug~bushing temperature, L400° F/

Cylinder |Description|Valve weight,| Deposit, Condition after test
(¥ichrome __15@ (grams)
‘coated)
Before | Loss
EXHAUST VALVES

1 New 522.9510.23 (a) Light pin-point gcorrosion on center of]
crown

2 New 17.981 .23 14.19 Excellent

3 New 518.70] (a) L.02 Valve not cleaned, pending further 1in-
vestigation of deposits

L New 532.871 (a) {L.59 valve not cleaned, pending further in-|
vestigation of deposits

5 New 513.43| .09 L.T1 Small shallow pits on center of crown

é New 539,771 .09 {5.23 Two or three pin-point pits on ecrown

7 New 535,641 .10 15.03% Excellent

8 New 540.35| .19 | 2.94 Pin-point corrosion covering antire
crown

9 New 534.75] .29 2.51 Blg shallow marks covering entire
crown (fig. 10)

INTAKE VALVES

1 New L86.83} (a) [6.15 Valve not cleaned, pending further 1in-
vestigation of deposits

2 New L8 .68 0.05 [L.91 Excellent ,

3 New L8i1.47| .07 (a) Scattered shallow corrosion covering
approximately one-third of hollow 1in
valve crown

N New L7 .61 (a) (10.31 Valve not cleaned, pending further in-|

) vestigation of deposits
5 New L82:21) .02 |7.31 Light corrosion on approximately one-
) fourth of rim of valve crown

6 Recondl -~ Lr3.61} .07 |7.94 Pin-point corrosion over entire top

tioned and bottom of valve head

7 Recondi-~ 478.05| .13 7.86 Pin-polint corrosion over entire top

tioned ) and bottom of valve head

8 Recondi- L71.38]| .05 |5.85 Pin-point corrosion over entire top

tioned and bottom of valve head

9 New L479.08| .06 {7.74 Scattered very small pin-point cor-
rosion on valve head

ayaive not available for weighing. NAT 1ONAL ADVISORY

COMMITTEE FOR AERONAUTICS
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TABLE IV. - SPECTROGRAPEIC ANALYSIS OF VALVE-HEAD
DEPOSITS RESULTING FROM SO-HOUR TEST OF
NINE-CYLINDER AIR-COOLED RADIAL ENGINE

'1ﬁ§ako horsvpower, 780; engine gpued, L1200 rpm;
brake mean cffective pressurc, 172 1b/sq in.;
fuel-alr ratio, 0.052; spark advancu, 30° B.T.C.;
maximum rear-spark-plug-bushing tomperature, 400° Eﬂ

. o . ! R T
Chiuf con-iStroag Madium Woal indi- |,
gtituont indlcationjindicationication

b - i Rttt
E Exhavat-Velve Deposlt
! Tad Chromium Coppow Tin
Aluminum Silicon
Nickel
Tron
Manganesoe
EM%ggusium -
Intaliu-Valve Dopogit
Lead Chromium Tin Manganege
Iron Alvminum
Nickol
| Manganeso
' Coppor

SO SIS S

Notional Advisory Committoe
for Acronauticsg
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TAELE V. - SPARK-PLUG-GAP WEAR RESULTING FROM SO-HOUR
TEST IN NINE-CYLINDER AIR~COOLED RADIAL ENGIRE

[Brake horsepower, 750; engine speed, 1900 rpm;
brake mean etffective pressure, 172 1b/sq in.;
fuel-alr ratio, 0.052; spark advance, 30° B.T.C.;
maximum rear-sperk-plug-bushing temperature, 400° F]

Spark Spark-plug reslst-
Cylinder| plug Averege gap, 1n. ance, ohms
 Belore TATter [Increass| —Beiroro|After |
1 _j0.012-10.0144) 0.002+ | 1060 | 750
L 2 | .012-].01d-| 092 _ 710 |_ 650 ___ |
5 .0l2 [ .01a-| .002- | 1150 | 830
2 T&_[U012 1 .Gi3+|_.001x | T 10607 700
5| cor2_| .004-1 0dg- | 1120 | 810 _
|3 |TéTTTeie a4 T Cooz T dos0 | 770
7 | .02 | .014_] .002- 1070 T 7401
4 8 | .01z | .0i4 | 092 iTi0 [ ~790
9 [ .0iz | .0i4 . .002 1050 | 940
5 167 [7.0127 7 L01dT17,002 1150 {1010 1
T | .012 | .01& | 002 | 990 | 600 1
6 121 Joiz f L0Te-T Oo2- | 930 | 700
13 .012 | .Cl4+, .002+ | = 1090 740
| 7 14 | .0i2 | .013-| .00i- 1070 | 670
i5_ | .012+ | .014-| .00L+ 1150 | 940
8 |16 | .01z |.0id+| .002+ 1060 | 610
17 .012 | .01a-| .002- 1040 580 T
9 18 | .0i2 | .Old<| .002= [ I0A0 | 750"

National Advisory Committee
for Aeronautiocs
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Figure i, — Nine-cylinder air-cooled radial engine test setup for contin-
uous 50-hour multicylinder—-engine test.
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Figure 2. - Mixture-control curve for nine-cylinder air-cooled radial engine

tegted. Values added for the same engine operating at the conditions
recommended in reference 1.
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Figure 3. - Mixture distridbution in nine-cylinder aid-cooled radial engine
tested. Brake horsepower, 750; engine speed, 1900 rpm; fuel-air ratio,
0.052; sperk advance, 30° B.T.C.
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Brake horsepower, 750; engine speed,

1900 rpm; brake mean effective preesurs, 172 pounde per square inch; fuel-air ratio, 0,052; spark advance, 30° B.T.C.
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Major-thrust wall

Figure 5. — Condition of bore of typical cylinder after 50~
hour test of nine—cylinder air-cooled radial engine. Brake
horsepower, 750; engine speed, !900 rpm; brake mean effec—
tive pressure, 172 pounds per square inch; fuel-air ratio,
0.052; spark advance, 30° B.T.C.; maximum rear-spark—plug-

bushing temperature, 400° F.




NACA MR No. E5127a

Figure 6, - Condition of combustion chamber of typical cyl-
inder after 50-~hour test of nine-cylinder air—-cooled radial
engine. Brake horsepower, 750; engine speed, 1900 rpm;
brake mean effective pressure, |72 pounds per square inch;
fuel-air ratio, 0.052; spark advance, 30° B.T.C.; maximum
rear-spark—plug~bushing temperature, 400° F,
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(a) Major thrust.

Figure 7. - Condition of typical piston and rings after
clieaning following 50-hour test of nine-cylinder air-cooled radial
engine. Brake horsepower, 750; engine speed, 1900 rpm;
brake mean effective pressure, 172 pounds per square inch;
fuel-air ratio, 0.052; spark advance, 30° B.T.C.; maximum
rear-spark-plug—-bushing temperature, 400° F,
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(b) Minor thrust.

Figure 7. — Concluded.
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i Exhaust vaive f_':}f:s
Figure 8. ~ Valve heads of cylinder.7 typical of intake and
exhaust valves after 50-hour test of nine-cylinder air-cooled radial
engine. Brake horsepower, 750; engine speed, 1900 rpm;
brake mean effective pressure, 172 pounds per square inch;
fuel-air ratio, 0.052; spark advance; .30° B.T.C.; maximum
rear-spark-plug-bushing temperature, 400° F,
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NACA
C-9768
A4-24-45

Figure 9. — Condition of exhaust—valve head from cylinder 9
after 50-hour test in nine-cylinder air-cooled radial engine.
Brake horsepower, 750; engine speed, 900 rpm; brake mean
effective pressure, 172 pounds per square inch; fuel-air
ratio, 0.052; spark advance, 30° B.T.C.; maximum rear—spark-—
plug-bushing temperature, 400° F.
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¢ Intake valve i|

Figure 10, ~ Condition of valve stems and necks from cylinder 7 typical of intake and
exhaust valves after 50~hour test in nine-cylinder air~cooled radial engine. Brake
horsepower, 750; engine speed, 1900 rpm; brake mean effective pressure, |72 pounds
per square inch; fuel-air ratio, 0.052; spark advance, 30° B.T.C.; maximum rear-spark—
plug-bushing temperature, 400° F,
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Figure Il. — Condition of exhaust-valve face from cylinder 9
after 50-hour test in nine-cylinder air-cooled radial engine.
Brake horsep over, 750; engine speed, 1900 rpm; brake mean
effective pressure, 172 pounds per square inch; fuel-air
ratio, 0.052; spark advance, 30° B.T.C.; maximum rear-spark-—
plug-bushing temperature, 400° F.
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Figure 12, — Condition of exhaust—valve crown from cylinder 9
after cleaning following 56—hgpr test in nine-cylinder air-
cooled radial engine. Brake horsepower, 750; engine speed,
1900 rpm; brake mean effective pressure, 172 pounds per
square inch; fuel-air ratio, 0.052; spark advance, 30° B.T.C.;
maximum rear—spark—plug—bushing temperature, 400° F,
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Flgure 13. - Maximum brake mean effective pressure as limited by incipient
knock, for two conditions of speed and spark advance obtained from tests
of nine-cylinder air-cooled radial engine. Carburetor-alir temperature,
100° F; maximum rear-spark-plug-bushing temperature, 500° F; fuel, AN-F-28,
Amendment -2 .
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Figure 1l4. - Preignition-limited performance of 28-R fuel. CFR engine;
open tube hot spot; engine speed, 1800 rpm; inlet-air temperature,
225° F; coolant temperature, 250° F; spark advance, 20° B.T.C.; com-
pression ratio, 7.0. (Data from reference 1%.)
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